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ABSTRACT
R e p r o d u c t i v e  a c t i v i t y  o f  a p o p u l a t i o n  o f  L i t t o r i n a i r r o r a t a  
Say was f o l l o w e d  from March 1967 t h r o u g h  A u gus t  1 9 6 8 .  Both  m a c r o s c o p i c  
and m i c r o s c o p i c  m ethods  o f  d e t e r m i n i n g  gonad m a t u r i t y  w e r e  e m plo yed .  
R e c o v e r y  o f  e n c a p s u l a t e d  z y g o t e s  from t h e  p l a n k t o n  and i n  t h e  l a b o r a t o r y  
was a t t e m p t e d .  C o p u l a t o r y  and m i g r a t o r y  b e h a v i o r  w ere  o b s e r v e d  i n  t h e  
f i e l d .
B r e e d i n g  s e a s o n  was r o u g h l y  from May th r o u g h  S e ptem ber ,
E a r l i e r  m a t u r a t i o n  o f  gonads  i n  1968 was l i n k e d  w i t h  warmer t e m p e r a t u r e s  
i n  May, bu t  r e s o r p t i o n  i n  September  c o u l d  n o t  be  a t t r i b u t e d  s o l e l y  to  
f a l l i n g  t e m p e r a t u r e s .  P l a n k t o n i c ,  e n c a p s u l a t e d  z y g o t e s  w e r e  r e l e a s e d  
i n  t h e  f i e l d  t h r o u g h o u t  t h e  l u n a r  c y c l e ,  bu t  o n l y  on n i g h  t i d e s .
A t t e m p t s  to  o b t a i n  z y g o t e s  .in t h e  l a b o r a t o r y  were  m ost  s u c c e s s f u l  a t  
t h e  t i m e  o f  s p r i n g  t i d e s . Abundance o f  c a p s u l e s  i n  t h e  p l a n k t o n  d i f f e r e d  
m a r k e d ly  b e t w e e n  t h e  two y e a r s  o f  o b s e r v a t i o n .  C o p u l a t o r y  p o s i t i o n  was 
i d e n t i c a l  w i t h  t h a t  i n  o t h e r  L i t t o r i n a ; c o p u l a t i o n  o c c u r r e d  m o s t  o f t e n  
on ebb t i d e s ,  on h o r i z o n t a l  s u r f a c e s .
v i
REPRODUCTIVE SEASONALITY AND RELATED BEHAVIOR 
IN THE MARSH PERIWINKLE, LITTORINA IRRORATA SAY 
(GASTROPODA: PROSOBRANCHIATA)
INTRODUCTION
R e p r e s e n t a t i v e s  o f  t h e  p r o s o b r a n c h  g e n u s  L i t t o r i n a a r e  found  
o n  r o c k y  s h o r e s  t h r o u g h o u t  t h e  w o r l d  ( T h i e l e ,  1 9 3 1 ) .  The  l i f e  h a b i t s  
a n d  r e p r o d u c t i o n  o f  many s p e c i e s  h a v e  b e e n  t h o r o u g h l y  s t u d i e d .  The 
l i t t o r i n a s  a r e  d i o e c e o u s ,  a nd  f e r t i l i z a t i o n  i s  i n t e r n a l .  The m a l e  
p o s s e s s e s , ,  on t h e  r i g h t  s i d e  o f  t h e  b o d y ,  a  p e n i s  w h i c h  b e c o m e s  tu m id  
p r i o r  t o  c o p u l a t i o n  and  i s  t h e n  i n s e r t e d  i n t o  a g e n i t a l  p o r e  a t  t h e  
b a c k  o f  t h e  f e m a l e  m a n t l e  c a v i t y  ( L i n k e ,  1 9 3 3 a ;  G i b s o n ,  1 9 6 4 ) .  The 
p e n ' i s  a t r o p h i e s  b e t w e e n  b r e e d i n g  s e a s o n s  i n  some s p e c i e s ,  b u t  n o t  i n  
o t h e r s  ( L i n k e ,  1 9 3 3 b ) .  T e s t e s  o r  o v a r i e s  d e v e l o p  i n  t h e  v i s c e r a l  m ass  
o f  t h e  a n i m a l  p r i o r  t o  t h e  b r e e d i n g  s e a s o n ;  t h e  am oun t  o f  r e s o r p t i o n  
a f t e r  b r e a d i n g  v a r i e s  i n t e r s p e c i f  i c a l l y  ( L i n k e ,  1 9 3 3 b ) .  A t  e.s t i c u  ! a r  
d u c t ,  i s  v i s i b l e  a l o n g  t h e  c o l a m e l l a r  s i d e  o f  t h e  abdomen  i n  m a l e s  when 
f i l l e d  w.l.th s p e r m ;  i n  f e m a l e s  t h e  c apsu le ,  g l a n d  i s  e n l a r g e d  d u r i n g  t h e  
b r e e d i n g  s e a s o n  ( F r e t ,  t e r  and  Graham, 1 9 6 2 ) .  T h e s e  s t r u c t u r e s  p e r m i t  
i c l e n t i f i c . a t i o n  o f  b r e e d i n g  i n d i v i d u a l s  and o f  s e x .
S e a s o n a l i t y  i n  b r e e d i n g  i s  p r o n o u n c e d  i n  m o s t  t e m p e r a t e  
s p e c i e s ,  w h e r e a s  i t  i s  n o t  a p p a r e n t  i n  t r o p i c a l  l i t t o r i n e s  ( S t r u h s a k e r ,  
1 9 6 6 ) .  Gonad d e v e l o p m e n t  i s  a s s o c i a t e d  w i t h  r i s i n g  e n v i r o n m e n t s  1 
t e m p e r a t u r e s  i n  some, s p e c i e s , and  w i t h  f a l l i n g  t e m p e r a t u r e s  i n  o t h e r s  
(RoVilack,  1 9 5 9 ; L y s a g h f , 1941)  . T e m p o r a l l y  e x c l  u s i v e  b r e e d i n g  .m a s o n s  
i n  s y n p a t r i c  s \ o c i e v  h a v e  b e e n  r e p o r t e d  f ro m  I s r a e l  ( P a l a n t  and  
F i s h e l s o r j ,  1965)  ; o v e r l a p p i n g  b r e e d i n g  s e a s o n s  a nd  i n t e r s p e c i f  i.e.
2.
c o p u l a t i o n  h a v e  b e e n  d e s c r i b e d  i n  North  Sea s p e c i e s  ( L i n k e ,  1933a ,  b ) . 
Both  s t a r v a t i o n  and s u m m e r - l e v e l  t e m p e r a t u r e s  w e r e  found  e f f e c t i v e  i n  
c a u s i n g  r e s o r p t i o n  o f  t e s t e s  and p e n e s  i n  m a le s  o f  L i t t o r i n a  l i t t o r e a  
( L i n n a e u s ) ,  w h ic h  b r e e d s  i n  t h e  s p r i n g  ( L i n k e ,  1 9 3 4 ) .  In s p i t e  o f  
i n c r e a s i n g  p h o t o p e r i o d ,  e x p e r i m e n t a l l y  l o w e r e d  t e m p e r a t u r e s  p r o l o n g e d  
r e p r o d u c t i v e  c o n d i t i o n  i n  1^ . l i t t o r e a  t h a t  w e r e  a l r e a d y  s e x u a l l y  m a tu r e ,  
and i n d u c e d  e a r l y  m a t u r a t i o n  i n  p r e v i o u s l y  s p e n t  a n i m a l s  ( R o h l a c k ,
1 9 5 9 ) .  L i t t o r i n a  l i t t o r e a  r e q u i r e  f o u r  y e a r s  to  m a tu r e  s e x u a l l y  i n  
t h e  A r c t i c  t e m p e r a t u r e s  o f  t h e  W h i te  Sea ( R u b i n c h i c k ,  1 9 6 1 ) ,  b u t  o n l y  
two y e a r s  i n  Wales  ( W i l l i a m s ,  1 9 6 4 ) .  An e s t r o g e n - l i k e  hormone has  be e n  
i s o l a t e d  from f e r t i l e  L. l i t t o r e a  f e m a l e s ,  b u t  no m a le  hormone has be e n  
d e m o n s t r a t e d  ( R o h l a c k ,  1 9 5 9 ) .
Type o f  spawn d i f f e r s  g r e a t l y  among l i t t o r i n e s .  A l t h o u g h  
e g g s  a r e  a l w a y s  f e r t i l i z e d  i n t e r n a l l y ,  t h e  s t a g e  o f  d e v e lo p m e n t  a t  t h e  
t i m e  o f  r e l e a s e ,  and t h e  mode o f  r e l e a s e ,  b o t h  v a r y  i n t e r s p e c i f i c a l l y . 
Z y g o t e s  i n  p e l a g i c  c a p s u l e s  a r e  r e l e a s e d  i n  a m a j o r i t y  o f  s p e c i e s .
The norm al  number o f  z y g o t e s  p e r  o o t h e c a  i s  u s u a l l y  o n e ,  b u t  f o u r t e e n  
p e r  c a p s u l e  o c c u r  n o r m a l l y  i n  a t  l e a s t  one  s p e c i e s  (Koj im a,  1 9 5 8 a ) .
In  o t h e r  s p e c i e s ,  c a p s u l e s  a r e  a t t a c h e d  t o  s u b s t r a t e s ,  w h er e  the- embryos  
d e v e l o p  to j u v e n i l e  s n a i l s  b e f o r e  h a t c h i n g .  B r o o d i n g  o f  j u v e n i l e s  to  
c r a w l i n g  s t a g e s  w i t h i n  t h e  m oth e r  has a l s o  b e e n  r e p o r t e d  ( L i n k e ,  1933b;  
Lebour ,  1 9 3 5 ) .  In a t  l e a s t  one  s p e c i e s ,  f r e e  v e l i g e r s  a r e  r e l e a s e d  
a l t e r n a t e l y  w i t h  p e l a g i c  z y g o t e  c a p s u l e s  on s u c c e s s i v e  s p r i n g  h i g h s  
( L e n d e r k i n g ,  1 9 5 4 ) .
Lunar p e r i o d i c i t y  i n  r e l e a s e  o f  p e l a g i c  c a p s u l e s ,  i . e . ,  r e l e a s e  
on s p r i n g  h i g h s ,  o c c u r s  i n  many s p e c i e s  ( L y s a g h t ,  1941;  L e n d e r k i n g ,
1954;  S t r u h s a k e r ,  1 9 6 6 ) .  R e l e a s e  o f  c a p s u l e s  i n  t h e  l a b o r a t o r y
4c o n c o m i t a n t  w i t h  h i g h  t i d e  i n  t h e  f i e l d  has  b e e n  d e m o n s t r a t e d  ( L e n d e r -  
k i n g ,  1954;  S t r u h s a k e r ,  1966)  . The young o f  some s p e c i e s  h a v e  been  
r e a r e d  i n  t h e  l a b o r a t o r y  t h r o u g h  m e t a m o r p h o s i s  ( S t r u h s a k e r ,  1966;
S t r u h s a k e r  and C o s t l o w ,  1 9 6 3 ) .
Most  L i t t o r i n a  a r e  fou n d  on r o c k y  s h o r e s ,  w h er e  as  many as  
f o u r  s p e c i e s  o c c u r  a t  d i f f e r e n t  i n t e r t i d a l  l e v e l s  on t h e  same c o a s t  
( L e b o u r ,  1937;  F r e t t e r  and Graham, 1 9 6 2 ) .  Two s p e c i e s  w h ic h  do n o t  
l i v e  on o p e n ,  r o c k y  c o a s t s  a r e  t h e  m angrove  swamp p e r i w i n k l e ,  L i t t o r i n a  
a n g u l i f e r a  Lamarck,  and t h e  s a l t  marsh p e r i w i n k l e ,  L i t t o r i n a  i r r o r a t a  
S ay .  Each i s  t h e  o n l y  r e p r e s e n t a t i v e  o f  t h e  g e n u s  i n  i t s  p a r t i c u l a r  
h a b i t a t .  L i t t o r i n a  a n g u l i f e r a  i s  a s u b t r o p i c a l  s p e c i e s  found i n  t h e  
m angrove  swamps o f  F l o r i d a  and t h e  C a r ib b e a n  i s l a n d s  ( B a q u a e r t ,  1 9 4 3 ) .
I t s  r e p r o d u c t i v e  h a b i t s  h a v e  b e e n  t h o r o u g h l y  s t u d i e d  by L e n d e r k in g  
( 1 9 5 4 )  .
L i t t o r i n a  i r r o r a t a  i s  abundant  i n  s a l t  m a rs h e s  from Long 
I s l a n d  t o  F l o r i d a  on t h e  A t l a n t i c  c o a s t ,  and from F l o r i d a  t o  Texas  i n  
t h e  G u l f  o f  M ex ico  ( B e q u a e r t ,  1 9 4 3 ) .  T h e s e  s m a l l  s n a i l s  a r e  found i n  
a w i d e  s a l i n i t y  r a n g e ,  from t h e  low w a t e r  l i n e  to  a b o v e  t h e  r e a c h e s  o f  
t h e  t i d e ,  and a r e  u s u a l l y  n o t  subm erged .  They a r e  d e t r i t u s - a u f w u c h s  
f e e d e r s  (Odum and S m a l l e y ,  1 9 5 9 ) ,  and a r e  c o n s t a n t l y  a c t i v e  d u r i n g  t h e  
warmer m o n th s ,  b u t  o n l y  on t h e  warmer d ays  o f  w i n t e r .  When s u c h  marsh  
g r a s s e s  a s  S p a r t i n a  a l t e r n i f l o r a  become abundant  i n  s p r i n g  and summer,  
li* i r r ° t a t a  a r e  found c l i m b i n g  on them. I n f o r m a t i o n  on r e p r o d u c t i o n  i n  
t h i s  abundant  and c o n s p i c u o u s  s p e c i e s  i s  a b s e n t  from t h e  l i t e r a t u r e .
Odum and S m a l l e y  (1.959) m e n t i o n e d  r e c r u i t m e n t  i n  p o p u l a t i o n s  o f  L.  
i r r o r a t a  i n  a paper  d e a l i n g  w i t h  e n e r g y  f l o w  i n  a t i d a l  m arsh;  t h e  
m e t h o d s  u s e d  and o t h e r  p e r t i n e n t  i n f o r m a t i o n  are. g i v e n  o n l y  i n  S m a l l e y ' s
P h .D .  t h e s i s  ( 1 9 6 0 ) .  Woodard  ( 1 5 4 2 a ,  b )  i n v e s t i g a t e d  t h e  d e v e l o p m e n t  
a n d  b e h a v i o r  o f  t h e  a p y r e n e  s p e r m  o f  L. i r r o r a t a . Two u n p u b l i s h e d  
s t u d i e s  h a v e  d e a l t  w i t h  e a r l y  d e v e l o p m e n t .  P a t s y  Ann S m i t h  s t u d i e d  
l a r v a l  d e v e l o p m e n t  i n  r e l a t i o n  t o  s a l i n i t y  a t  t h e  VIMS W a c h a p r e a g u e  
l a b o r a t o r y ,  and  J e a n e t t e  W h i p p l e  S t r u h s a k e r  c o n d u c t e d  l a b o r a t o r y  
i n v e s t i a g a t i o n s  o f  s p a w n i n g  and  e a r l y  d e v e l o p m e n t  a t  t h e  Duke U n i v e r s i t y  
M a r i n e  L a b o r a t o r y  a t  B e a u f o r t ,  N o r t h  C a r o l i n a  ( p e r s o n a ]  c o m m u n i c a t i o n s ) .
The  o b j e c t i v e s  o f  t h e  p r e s e n t  s t u d y  w e r e  t o :  1) a s c e r t a i n  t h e
t i m e  o f  o c c u r r e n c e  a n d  t h e  d u r a t i o n  o f  t h e  b r e e d i n g  s e a s o n  i n  L i t t o r i na  
i r r o r a t a i n  t h e  C h e s a p e a k e  Bay a r e a  o f  V i r g i n i a ;  2) i d e n t i f y  e n v i r o n m e n t a l  
f a c t o r s  w h i c h  m i g h t  i n f l u e n c e  r e p r o d u c t i v e  a c t i v i t y ;  3) c o n f i r m  t h e  t y p e  
o f  r e p r o d u c t i v e  p r o d u c t s  l i b e r a t e d ;  4)  d e t e r m i n e  i f  l u n a r  p e r i o d i c i t y  
o f  r e l e a s e  e x i s t e d ;  5)  o b s e r v e  a n d  r e c o r d  p a t t e r n s  o f  b e h a v i o r  a s s o c i a t e d  
w i  t h  r  ep r  o d u c t  i o  n .
CONDITION OF GONADS
M a t e r i a l s  and Methods
S p e c im e n s  exam ined  f o r  m a t u r i t y  o f  gonads  w e r e  o b t a i n e d  
from Sarah  Creek ( F i g .  1) . Random s a m p l i n g s  o f  a t  l e a s t .  50  s n a i l s  
w e r e  made a t  b i w e e k l y  i n t e r v a l s  from 15 March t o  18 Septem ber  1967 ,  
and from 15 A p r i l  t o  20  J u n e  1 9 6 8 .  S m a l l e r ,  more c a s u a l  c o l l e c t i o n s  
w e r e  made, b e t w e e n  t h e  b i w e e k l y  i n t e r v a l s ,  and from O c t o b e r  1967 to  
A p r i l  1 9 6 8 .  S h e l l s  w e r e  removed from s p e c i m e n s  by c r a c k i n g  them w i t h  
p l 3 e r s  and s e v e r i n g  t h e  c o l u m e l l a r  muscle ,  a t t a c h m e n t  t o  t h e  s h e l l .
A v i s i b l e  t e s t i c u l a r  d u c t  i n  m a l e s ,  and an e n l a r g e d  c a p s u l e ,  g l a n d  i n  
f e m a l e s  ( F i g s .  2a and 2 b ) ,  w e r e  i n t e r p r e t e d  as  i n d i c a t i n g  m a t u r i t y  
o f  t h e  g o n a d s ,
In a d d i t i o n  to m a c r o s c o p i c  e x a m i n a t i o n  o f  t h e  g e n i t a l  s y s t e m ,  
sm ears  o f  f r e s h l y  e x c i s e d  v i s c e r a l  t i s s u e  from b o t h  s e x e s  w e r e  made 
r e g u l a r l y  and exam ined  m i c r o s c o p i c a l l y  f o r  d e v e l o p i n g  g a m e t e s .  A 
number o f  m a l e s  and f e m a l e s  w e r e  f i x e d  i n  AFA d u r i n g  t h e  s p r i n g  o f  
1 9 6 8 .  B l o c k s  o f  ab d o m in a l  t i s s u e  w e r e  t h e n  s e c t i o n e d  and s t a i n e d  i n  
h e m a t o x y l i n  and e o s i n .  The s l i d e s  w e r e  examined  m i c r o s c o p i c a l l y  to  
d e t e r m i n e  t h e  d e g r e e  o f  gonad  d e v e l o p m e n t .
D i f f e r e n c e  i n  d e g r e e  o f  gonad d e v e l o p m e n t  a t  t w o-w e e k  i n t e r ­
v a l s  d u r i n g  May arid J u n e  o f  b o t h  y e a r s  was t e s t e d  f o r  s i g n i f i c a n c e  by  
( S n e d e c o r ,  1 9 5 6 ) .  C o r r e l a t i o n  o f  gonad m a t u r a t i o n  w i t h  r i s i n g  
s p r i n g  t e m p e r a t u r e s  and w i t h  i n c r e a s i n g  p h o t o p e r i o d  was a t t e m p t e d .
A i r  t e m p e r a t u r e s  f o r  t h e  two y e a r s  w e r e  o b t a i n e d  from t h e  h y g r o th e rm o g r a p h
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F i g u r e  1. Major s i t e  o f  c o l l e c t i o n s  and o b s e r v a t i o n  o f  a d u l t  
L i t t o r i n a i r r o r a t a  ( a r r o w ) ; p l a n k t o n  tows  w e r e  made i n  t h e  w a t e r  




F i g u r e  2 a .  S e x u a l l y  m a tu r e  L. i r r o r a t a  m a le  removed from s h e l l .  
O v e r a l l  l e n g t h ,  25 mm; cm: c o l u m e l l a i  m u s c l e ;  k:  k i d n e y ;  p:  p e n i s ;  
pg: p e n i a l  g l a n d ;  t d : t e s t i c u l a r  d u c t .  T e s t i c u l a r  d u c t  v i s i b l e  
o n l y  when f i l l e d  w i t h  s p e r m a t i c  f l u i d ,  d u r i n g  b r e e d i n g  s e a s o n .  X6.
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F i g u r e  2b .  S e x u a l l y  m atu r e  L. i r r o r a t a f e m a l e  removed from s h e l l ,  
e g :  c a p s u l e  g l a n d ;  dg:  d i g e s t i v e  g l a n d ;  m: m a n t l e  e d g e ;  op:  op e r c u lu m ;  
o v : o v a r i e s .  O v a r i e s  s e ld o m  e a s i l y  v i s i b l e ;  c a p s u l e  g l a n d  e n c a p s u ­
l a t e s  z y g o t e s ,  i s  p r o m in e n t  o n l y  in  b r e e d i n g  s e a s o n .  X 6 .
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9a t  V i r g i n i a  I n s t i t u t e  o f  M ar ine  S c i e n c e  (VIMS),  a p p r o x i m a t e l y  one  m i l e  
from Sarah  C r e e k .  The means o f  d a i l y  h i g h s ,  l o w s ,  and means from  
c o r r e s p o n d i n g  months w e r e  compared by g r a p h i n g  t h e  s t a n d a r d  e r r o r s  
o f  t h e  m ean s ,  and s i g n i f i c a n t  d i f f e r e n c e s  w e r e  c o n f i r m e d  by a t - t e s t  
( S n e d e c o r ,  1 9 5 6 ) .  Water t e m p e r a t u r e  r e c o r d s  from t h e  VIMS r e c o r d i n g  
therm om eter  w e r e  i n c o m p l e t e  f o r  A p r i l  and May 1968 ,  b u t  c o m p a r i s o n s  
b e t w e e n  t h e  two y e a r s  w ere  a t t e m p t e d .  D a i l y  p h o t o p e r i o d s  w e r e  c a l ­
c u l a t e d  from t h e  Old F a r m e r ' s  Almanac (Thomas, 1 9 6 8 ) .
R e s u l t s
The f i r s t  s e x u a l l y  m atu r e  i n d i v i d u a l s  w e r e  found 24 May 1967 .
A s u r v e y  o f  7 6 r a n d o m l y - s e l e c t e d  s n a i l s  on t h a t  d a t e  showed t h a t  42,5%  
o f  t h e  40  f e m a l e s  and 44.4% o f  t h e  36 m a l e s  exam ined  w e r e  m a t u r e .  A 
s i m i l a r  s u r v e y  two w eeks  l a t e r  showed a s i g n i f i c a n t  i n c r e a s e  i n  s e x u a l  
m a t u r i t y :  81.1% o f  69 f e m a l e s  and 65.5% o f  35 m a l e s  p o s s e s s e d  m ature
gonads  . Ey 21 June  1967 no i n d i v i d u a l s  w i t h  immature gonads  c o u l d  be  
f o u n d .  A s u r v e y  t a k e n  18 Septem ber  19 67 showed gonad m a t u r i t y  w an in g :  
32.8% o f  67 f e m a l e s  and 12.27> o f  41 m a l e s  s t i l l  p o s s e s s e d  m a tu r e  g o n a d s .
Gonad m a t u r a t i o n  commenced e a r l i e r  i n  19 6 8 .  No m a tu r e  
i n d i v i d u a l s  w e r e  found 2 May, though  s e v e r a l  w e r e  found d u r i n g  t h e  two 
w e e k s  f o l l o w i n g .  Ey 16 May 78.4% o f  23 f e m a l e s  and 76.6% o f  43 m a le s  
w e r e  s e x u a l l y  m a t u r e .  On 24 May 1007q o f  77 f e m a l e s  and 73 m a l e s  e x ­
amined had m atu r e  g o n a d s .  The d a t a  f o r  b o t h  y e a r s  i s  p r e s e n t e d  i n  
F i g .  3 .  A X 2 t e s t  a t  95% c o n f i d e n c e  i n t e r v a l  c o n f i r m e d  t h a t  t h e  
p e r c e n t a g e  o f  s e x u a l l y  m a tu r e  s n a i l s  found  24 May, 1968 compared w i t h  
t h e  s u r v e y  o f  2a May 1967 ,  was s i g n i f i c a n t l y  g r e a t e r .


















































































































A t r a n s v e r s e  s e c t i o n  through  t h e  abdomen o f  a f e m a l e  f i x e d  
2 May 1968 ,  showed no s i g n s  o f  d e v e l o p i n g  e g g s ,  A s i m i l a r  s e c t i o n  o f  
a f e m a l e  f i x e d  24 May showed m a t u r i n g  o o c y t e s  ( F i g .  4 ) .  No sperm w e r e  
s e e n  i n  t h e  t e s t i s  o f  a m a le  f i x e d  2 May 1968  ( F i g .  5 a ) ,  b u t  m a tu r e  
e u p y r e n e  sperm and t h e i r  ac c om p an y in g  a p y r e n e  c e l l s  w ere  s e e n ,  a l o n g  
w i t h  d e v e l o p i n g  germ c e l l s ,  i n  a s e c t i o n  o f  v i s c e r a l  s a c  from a m a le  
f i x e d  16 May ( F i g s .  5b,  c ,  d ) . T h e s e  r e s u l t s  w e r e  as  e x p e c t e d  from  
t h e  s u r v e y s  t a k e n  on t h e s e  d a t e s  and w e r e  f u r t h e r  c o r r o b o r a t e d  by
t h e  m a le  and f e m a l e  g a m e t e s  found  i n  l i v e  s m e a r s .  A f u l l y  d e v e l o p e d
sperm atozeugm a ( a p y r e n e  sperm w i t h  e u p y r e n e  sperm a t t a c h e d ;  Woodard,  
1 9 4 2 a ,  b)  from a t e s t i c u l a r  d u c t  i s  d e p i c t e d  i n  F i g .  6 .
I n c r e a s i n g  a i r  t e m p e r a t u r e  was r e g a r d e d  a s  more l i k e l y  to  
s t i m u l a t e  gonad m a t u r a t i o n  i n  t h e  s p r i n g  th a n  r i s i n g  w a t e r  t e m p e r a t u r e ,  
b e c a u s e  L. i r r o r a t a  was v e r y  s e ld o m  subm erged ,  and b e c a u s e  a i r  t em ­
p e r a t u r e  i n c r e a s e  o c c u r s  e a r l i e r  and more r a p i d l y  th a n  r i s e s  i n  w a t e r
t e m p e r a t u r e .  The d a i l y  h i g h  and low a i r  t e m p e r a t u r e s  f o r  March
t h r o u g h  June  1967 and 1968 ,  a r e  g i v e n  i n  F i g .  7 .  The m o s t  d i s c e r n i b l e  
t r e n d  toward warmer t e m p e r a t u r e s  i n  1968 ,  when t h e  p o p u l a t i o n  o f  
L.* i r r o r a t a  m atured  s o o n e r ,  i s  s e e n  i n  t h e  f o u r - w e e k  p e r i o d  from 
8 May t o  4 J u n e .  B e tw e e n  t h o s e  d a t e s  i n  1967 ,  t h e  t e m p e r a t u r e  f e l l  
t o  IOC o r  b e l o w  s i x  t i m e s ;  i n  1968 ,  o n l y  o n c e .  The m eans ,  r a n g e s ,  and 
S^tQs ( s t a n d a r d  e r r o r s  o f  t h e  m eans)  o f  d a i l y  h i g h s ,  l o w s ,  and means  
f o r  t h i s  p e r i o d  i n  b o t h  y e a r s  i s  g i v e n  i n  F i g .  8 .  The d i f f e r e n c e  
b e t w e e n  t h e  means o f  d a i l y  h i g h s  was n o t  s i g n i f i c a n t ,  b u t  m o n th ly  
means o f  b o t h  mean and low t e m p e r a t u r e s  w e r e  s i g n i f i c a n t l y  h i g h e r  i n  
1 9 6 8 .  T h e s e  r e s u l t s  w ere  c o n f i r m e d  by t - t e s t s  a t  t h e  95% c o n f i d e n c e  
i n t e r v a l  ( S n e d e c o r ,  1 9 5 6 ) .  S i m i l a r  t - t e s t s  f o r  A p r i l  i n  t h e  two y e a r s
F i g u r e  4 .  
o f  f e m a l e
P h o t o m ic r o g r a p h s  o f  m a t u r i n g  p r im a r y  o o c y t e s  i n  o v a r i e s  
L. i r r o r a t a  f i x e d  24 May 1 9 6 8 .  H e m a t o x y l i n  and e o s i n  s t a
a)  O v a r i a n  t u b u l e  c o n t a i n i n g  o o c y t e s :  s u r r o u n d i n g  
d i g e s t i v e  t i s s u e .  82X.
b)  O o c y t e s  p i c t u r e d  i n  4a  und er  o i l  i m m e r s i o n .  N o te  
l a r g e  n u c l e o l u s  ( n ) , t y p i c a l  o f  p r im a r y  o o c y t e s .  
820X.
c)  Pr im ary  o o c y t e s .  M e i o t i c  d i v i s i o n s  w i l l  n o t  o c c u r  
u n t i l  a f t e r  sperm p e n e t r a t i o n .  360X.
d) Pr im ary  o o c v c e  under  o i l  im m e r s io n ;  n:  n u c l e o l u s .  
820X.
r% O  b
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F i g u r e  5 .  P h o t o m ic r o g r a p h s  o f  t e s t e s  and d e v e l o p i n g  sperm from  
s e c t i o n  o f  m a le  L . i r r o r a t a  d i g e s t i v e  g l a n d s .  H e m a t o x y l i n  and 
e o s i n  s t a i n .
a) T e s t i s  l a c k i n g  m atu r e  ga m ete s  ( t e )  from m a le  f i x e d
2 May 1963 .  360X.
b) F u l l y  d e v e l o p e d  t e s t i s  from m ale  f i x e d  16 May 3 9 6 3 .
C e n t r a l  p o r t i o n  ( i n  r e c t a n g l e )  shewn i n  3 c ;  dg:  
d i g e s t i v e  g l a n d ;  t e -  t e s t i s . 82X.
c)  D e t a i l  o f  5b .  Dark a r e a s  a r e  n u c l e i  o f  s p e r m a t o c y t e s
and s p e r m a t i d s ;  a s :  a p y r e n e  sperm ( s e e  F i g .  6 ) .  360X
d) T e s t i s  o f  m a le  f i x e d  16 May 1 9 6 8 ,  under o i l  im m e rs ion
a s :  a p y r e n e  sperm; d s : d e v e l o p i n g  s p e r m a t o c y t e s ;  -sh: 
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F i g u r e  6 .  Apyrene  sperm o f  L. i r r o r a t a  w i t h  e u p y r e n e  sperm a t t a c h e d ;  
s n :  f u s e d  sperm n u c l e i ;  cv :  c h r o m a t i c  v e s i c l e s ,  rem nan ts  o f  t h e  c e l l  
n u c l e u s .  The dark  band j u s t  b e lo w  th e  a p y r e n e  c e l l  i s  formed by sperm  
h e a d s .  Sea  t e x t  f o r  summary o f  a p y r e n e  sperm d e v e l o p m e n t .  Drawn from 
l i f e .
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F i g u r e  7 .  D a i l y  h i g h  and low a i r  t e m p e r a t u r e s  f o r  March t h r o u g h  J u n e ,  
1967 and 19 6 3 ,  B r e a k s  i n  l i n e s  i n d i c a t e  l a c k  o f  d a t a  due  to  equipm ent  
f a i l u r e .  The t e m p e r a t u r e s  b e t w e e n  t h e  d a s h e d  l i n e s  a r e  t r e a t e d  
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F i g u r e  8 .  Comparison  o f  s t a n d a r d  e r r o r s  o f  t h e  means ( S - t  ) o f  d a i l y  
h i g h s ,  l o w s ,  and means f o r  p e r i o d  8 M a y  -4  J u n e ,  1967 and 19 68 .  S i m i l a r  
d a t a  f o r  September  1967 a l s o  p r e s e n t e d .  N o n - o v e r l a p  o f  S^tQ^ o f  one  
y e a r  group  w i t h  mean o f  c o m p a r a b le  group from o t h e r  y e a r  i n d i c a t e s  
s i g n i f i c a n t  d i f f e r e n c e s .  Se e  t e x t  f o r  d e t a i l s .
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r e v e a l e d  a r e v e r s e d  s i t u a t i o n :  h i g h s ,  m e a n s ,  and l e w s  f o r  A p r i l  1967
w e r e  a l l  s i g n i f i c a n t l y  warmer than  f o r  A p r i l  19 6 8 .
The means o f  d a i l y  h i g h s ,  l o w s ,  and means f o r  S eptem ber  1967 ,  
t h e  month i n  w h ic h  gonad m a t u r i t y  be gan  t o  wane ,  w e r e  s i g n i f i c a n t l y  
h i g h e r  than  f o r  May o f  t h a t  y e a r ,  when gonad m a t u r a t i o n  b e g a n ;  t h e y  
d i d  n o t  d i f f e r  s i g n i f i c a n t l y  from t h e  d a t a  f o r  May 1968 .
A v a i l a b l e  d a t a  i n d i c a t e d  m o n t h l y  h i g h s ,  l o w s ,  and means o f  
w a t e r  t e m p e r a t u r e  from March t h r o u g h  J u n e  s e ld o m  d i f f e r e d  by more  
t h a n  1C b e t w e e n  t h e  two y e a r s  f o r  any p a r t i c u l a r  p e r i o d .  I n c o m p l e t e  
d a t a  made f u r t h e r  c o m p a r i s o n  i m p o s s i b l e .
P h o t o p e r i o d ,  c a l c u l a t e d  as  t i m e  from s u n r i s e  to  s u n s e t ,  was  
14 h o u r s ,  14 m i n u t e s  f o r  10 May, t h e  e a r l i e s t  d a t e  on w h ic h  any m ature  
s n a i l s  w e r e  found i n  e i t h e r  o f  t h e  two y e a r s . The p h o t o p e r i o d  f o r  
18 J u n e ,  t h e  l a t e s t  d a t e  on which  any  immature i n d i v i d u a l s  w e r e  f o u n d ,  
was 14 h o u r s ,  52 m i n u t e s .  A p h o t o p e r i o d  d i f f e r e n c e  o f  38 m i n u t e s  thus  
e x i s t e d  o v e r  t h e  m a t u r a t i o n  p e r i o d  combined from t h e  two s p r i n g  s e a s o n s .
S u r v e y s  i n  m i d - J u l y  r e v e a l e d  t h a t  b o t h  t h e  s m a l l e s t  and 
l a r g e s t  s n a i l s  i n c l u d e d  i n  s a m p le s  w e r e  r e p r o d u c t i v e l y  m a tu r e ;  a p p a r ­
e n t l y  a l l  s n a i l s  p a s t  t h e  j u v e n i l e  s t a g e  a r e  members o f  t h e  r e p r o d u c t i v e  
p o p u l a t i o n ,  and s e n e s c e n c e  d o e s  n o t  i m p a i r  r e p r o d u c t i v e  p o t e n t i a l .
Some o f  t h e  g e n i t a l  o r g a n s  o f  L. i r r o r a t a  r e g r e s s e d  i n  w i n t e r ;  
t h e  c a p s u l e  g l a n d  o f  f e m a l e s  was much r e d u c e d  i n  s i z e ,  and t h e  m a le  
t e s t i c u l a r  d u c t  was n o t  v i s i b l e .  The p e n i s ,  h o w e v e r ,  showed n e i t h e r  t h e  
e n l a r g e m e n t  c o n c o m i t a n t  w i t h  gonad m a t u r i t y ,  n o r  t h e  p o s t - r e p r o d u c t i v e  
a t r o p h y  m e n t i o n e d  f o r  o t h e r  s p e c i e s  ( L i n k e ,  1 9 3 3 b ) .
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D i s c u s s i o n
L i t t o r i n a  i r r o r a t a  i s  u n q u e s t i o n a b l y  a summer b r e e d e r ,  but  
t h e  f a c t o r s  i n f l u e n c i n g  gonad m a t u r a t i o n  a r e  s t i l l  i n  d o u b t .  I n d e e d ,  
t h e  m echan ism  o f  gonad m a t u r a t i o n  i n  t h e  ge n u s  L i t t o r i n a  i s  n o t  c l e a r l y  
u n d e r s t o o d .  R oh lac k  ( 1 9 5 9 )  d e m o n s t r a t e d  an e s t r o g e n - l i k e  hormone i n  
f e r t i l e  f e m a l e s  o f  L. l i t t o r e a , b u t  c o u l d  d e m o n s t r a t e  no s e x  hormone  
i n  s e x u a l l y  m a tu r e  m a l e s .  The i n f l u e n c e  o f  t e m p e r a t u r e  on g e n i t a l  
m a t u r a t i o n  and d e g e n e r a t i o n  has  b e e n  shown i n  L. l i t t o r e a , w h ic h  b r e e d s  
m  t h e  s p r i n g  a f t e r  a gonad b u i l d u p  i n i t i a t e d  i n  O c t o b e r  and c o n t i n u i n g  
t h r o u g h  t h e  w i n t e r .  L inke  (1 9 3 4 )  fou n d  d e g e n e r a t i o n  o f  t h e  t e s t e s  and 
p e n e s  o f  m a l e s  t h a t  w e r e  h e l d  a t  summer t e m p e r a t u r e s  ( 1 4 -2 6 C )  f o r  f i v e  
t o  s i x  weeks  d u r i n g  t h e  s p r i n g  b r e e d i n g  s e a s o n ;  he  i n d u c e d  t h e  same  
r e s u l t  by  s t a r v i n g  o t h e r  a n i m a l s .  R oh lac k  (1 9 5 9 )  found t h a t  i n  80% o f  
L . l i t t o r e a  h e l d  a t  w i n t e r  t e m p e r a t u r e s  from Ju n e  t h r o u g h  A u g u s t ,  t h e  
gonad m a t u r i t y  n o r m a l l y  found o n l y  t h r o u g h  May had b e e n  r e t a i n e d .  Gonad 
a c t i v i t y  was a d v a n c e d  in  b o t h  m a le  and f e m a l e  L. l i t t o r e a  h e l d  a t  1-5C 
d u r i n g  S e ptem ber  and O c t o b e r ;  40% o f  t h e  m a l e s  and a s m a l l e r ,  u n s p e c i ­
f i e d  p e r c e n t a g e  o f  f e m a l e s  p o s s e s s e d  m a tu r e  g o n a d s ,  w h i l e  i n  t h e  f i e l d  
m a t u r a t i o n  was n o t  d e t e c t a b l e  ( R o h l a c k ,  1 9 5 9 ) .  In  b o t h  e x p e r i m e n t s  
w i t h  r e d u c e d  t e m p e r a t u r e ,  R oh lac k  m a i n t a i n e d  n a t u r a l  e n v i r o n m e n t a l  
p h o t o p e r i o d s  by u s e  o f  g l a s s - d o o r e d  r e f r i g e r a t o r s .
A l t h o u g h  t h e  y e a r l y  t e m p e r a t u r e  c y c l e  i s  a p p a r e n t l y  l i n k e d  
t o  t h e  r e p r o d u c t i v e  c y c l e  i n  L i t t o r i n a , e f f e c t s  a r e  f a r  from u n i f o r m :  
r i s i n g  t e m p e r a t u r e s  a r e  l i n k e d  w i t h  i n i t i a t i o n  o f  r e p r o d u c t i o n  i n  some  
s p e c i e s ,  as  i n  L. i r r o r a t a , w h i l e  t h e y  accompany lo w e r e d  f e r t i l i t y  i n  
o t h e r s ,  e . g . ,  L. n e r i t o i d e s  ( P a l a n t  and F i s ’n e l s o n ,  1968;  L y s a g h t ,  1 9 4 1 ) .  
I n  t h e  p r e s e n t  s t u d y ,  d e c r e a s e d  gonad m a t u r i t y  was o b s e r v e d  i n  Septem ber
19
19 6 7 ,  when t e m p e r a t u r e s  w e r e  s i g n i f i c a n t l y  warmer than  i n  May, when i t  
commenced. T h e r e f o r e ,  t h e  minimum t e m p e r a t u r e s  r e q u i r e d  f o r  m a t u r a t i o n  
i n  t h e  s p r i n g  w e r e  n o t  e f f e c t i v e  i n  p r e v e n t i n g  gonad d e g e n e r a t i o n  i n  
t h e  f a l l .  O ther  f a c t o r s  w h ic h  may a c c o u n t  f o r  d e g e n e r a t i o n  o f  gonads  
w h i l e  t e m p e r a t u r e s  a r e  s t i l l  f a v o r a b l e  must  be l o o k e d  f o r ;  s h o r t e n i n g  
day l e n g t h  and drop i n  t e m p e r a t u r e s  from t h o s e  o f  t h e  p r e c e d i n g  month  
may b e  i n v o l v e d .  I f  t e m p e r a t u r e  c h a n g e s  m e d i a t e  t h e  r e p r o d u c t i v e  c y c l e ,  
t h e y  a r e  p r o b a b l y  f a r  l e s s  i n  m a g n i t u d e  th a n  t h o s e  i n d i c a t i n g  s t a t i s ­
t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e .  In a c a s e  such  a s  t h i s ,  s t a t i s t i c a l  
c o n f i r m a t i o n  o f  t h e  a n i m a l s ’ r e s p o n s e  to  d i f f e r i n g  c o n d i t i o n s  w ou ld  be  
more v a l i d  th a n  c o n f i r m i n g  a d i f f e r e n c e  b e t w e e n  t h e  c o n d i t i o n s  t h e m s e l v e s .
P h o t o p e r i o d  h as  n o t  b e e n  s u g g e s t e d  as  a f a c t o r  i n f l u e n c i n g  
t h e  r e p r o d u c t i v e  c y c l e  o f  L i t t o r i n a , e v e n  i n  t h e  m o s t  r e c e n t  p a p e r s  
( P a l a n t  and F i s h e l s o n ,  1968;  S t r u h s a k e r ,  1966;  R o h la c k ,  1 9 5 9 ) ;  n o r  i s  
i t  m e n t i o n e d  i n  t h e  m ost  r e c e n t  r e v i e w s  o f  m o l l u s c a n  and p r o s o b r a n c h  
p h y s i o l o g y  (Hyman, 1967;  W i lb u r  and Yonge ,  1966;  F r e t t e r  and Graham,
1 9 6 2 ) .  R o h l a c k ' s  e x p e r i m e n t s  i n  w h ic h  s h e  l o w e r e d  e n v i r o n m e n t a l  
t e m p e r a t u r e s  b u t  p e r m i t t e d  normal  p h o t o p e r i o d  i n d i c a t e d  t h a t  t e m p e r a t u r e  
a l o n e  h a s  some e f f e c t  as  a m e d i a t i n g  f a c t o r ,  th ou gh  r e s p o n s e  i n  e x p e r i ­
m e n t a l  a n i m a l s  was n e v e r  100%. I f  l e n g t h e n i n g  p h o t o p e r i o d  d o e s  i n f l u e n c e  
gonad grow th  i n  L. i r r o r a t a , t h e  e a r l i e r  a t t a i n m e n t  o f  m a t u r i t y  by 100%. 
o f  t h e  popu.i .acion i n  1968 (2 4  May as  compared w i t h  21 June  a y e a r  e a r l i e r )  
c o u l d  b e  e x p l a i n e d  by t h e  c o n c u r r e n t  i n f l u e n c e  o f  warmer t e m p e r a t u r e s .
A p l a n t  w i l l  b loom ,  o n c e  l i g h t  p e r i o d  i s  s u f f i c i e n t ,  o n l y  a s  r a p i d l y  as  
c l i m a t i c  c o n d i t i o n s  w i l l  p e r m i t  ( B i s s o n e t t e ,  1 9 3 6 ) .  The warmer temp­
e r a t u r e s  and e a r l i e r  m a t u r a t i o n  i n  May 1968 w e r e  p r e c e d e d  by a month  
t h a t  was s i g n i f i c a n t l y  c o l d e r  than t h e  same p e r i o d  i n  1 9 6 7 .  I t  i s
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l i k e l y  t h a  t  t h e  c r i t i c a l  e f f e c t  o f  t e m p e r a t u r e  d o e s  n o t  e x p r e s s  i t s e l f  
u n t i l  s o m e t i m e  l a t e r  t h a n  A p r i l ,  and  minimum x e q u i r e d  p h o t o p e r i o d  m a y  
b e  t h e  r e a s o n .  On t h e  o t h e r  h a n d ,  r a t e  o f  t e m p e r a t u r e  c h a n g e  may b e  
a s  much an  i n i t i a t i n g  f a c t o r  a s  p h o t o p e r i o d  o r  f i n a l  t e m p e r a t u r e  
r e a c h e d .
I t  may h e  t h a t  some e n v i r o n m e n t a  1 f a c t o r s  a c t  i n d i r e c t ] y  i n  
i n f l u e n c i n g  gonad  d e v e l o p m e n t .  P h c t o p e r i o d  a n d  t e m p e r a t u r e  c e r t a i n l y  
a f f e c t  t h e  f o o d  s u p p l y 7 o f  t h e s e  g r a z i n g  a n i m a l s .  S i n c e  L l n k e  (1 9 3 4 )  
f o u n d  g e n i t a l  d e g e n e r a t i o n  i n  s t a r v e d  L. l i t t o r e a ,  a r e v e r s e  e f f e c t  i s  
p o s s i b l e  a n d  a b u n d a n t  f o o d  c o u l d  t r i g g e r  a p h y s i o l o g i c a l  r e s p o n s e  
l e a d i n g  t o  r e p r o d u c t i v e  a c t i v i t y .
W h a t e v e r  e n v i r o n m e n t a l  f a c t o r s  may i n f l u e n c e  t h e  r e p r o d u c f i v e ,  
c y c l e  i n  L i t  t o r i n a , t h e i r  m e d i a t i o n  c a n n o t  b e  u n d e r s t o o d  w i t h o u t  f u r t h e r  
p h y s i o l o g i c a l  w o r k ,  a s  a m a l e  h o r m o n e  h a s  y e t  t o  b e  demons  b r a t  <?d, and  
t h e  s t i m u l u s  f o r  t h e  s e a s o n a l  s e c r e t i o n  o f  t h e  f e m a l e  h o rm o n e  i s  
unknown ( R o h l a c k ,  1 9 3 9 ) .  I n  t h e  a b s e n c e  o f  k n o w ] e d g e  o f  a m a l e  h o rm o n e  
i n  bine p h y s i o l o g i c a l  i m p l i c a t i o n s  o f  t h e  r e t e n t i o n  o f  a
f u l l y - d e v e l o p e d  p e n i s  t h r o u g h o u t  t h e  y e a r  i n  L . i r r o r a t a a r e  u n c e r t a i n .  
D e g e n e r a t i o n  i s  a l m o s t  c o m p l e t e  i n  L.  l i t t o r e a ,  b u t  i n s i g n i f i c a n t  i n  
L .  s ex  a. t i l  i  s ( L i n k e ,  1933b)  .
Apyre.rte s p e r m  a r e  f o u n d  i n  a l m o s t  a l l  p r o s o b r a n c h  g a s t r o p o d s ,  
h i t  t o r  i na  i s  o n e  o f  t h e  fe*7 g e n e r a  i n  w h i c h  t h e y  e r e  some t i m e s  l a c k i n g ,  
t h o u g h  t h e y  a r e  p r e s e n t  i n  L.  i r r o r a t a  (W oodard ,  1 9 4 2 b ) . T h e s e  
a u x i l i a r y  c e l l s  d e v e l o p  i n  t h e  t e s t e s  f r o m  c e l l s  i n d i s t i n g u i s h a b l e ,  
f rom  n o r m a l  s p e r m a t o g o n i a ,  b u t  t h e y  have, c e r t a i n  o o c y t i c  p r o p e r t i e s .
T h e i r  d e v e l o p m e n t  i n v o l v e s  p e n e t r a t i o n  by s e v e r a l  e u p y r e n e  s p e r m  f o l l o w e d  
b y  s e q u e n t i a l  m i t o t i c ,  a n d  a m i t o t i c  d i v i s i o n s  o f  t h e  c e l l  n u c l e u s .  The
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r e s u l t a n t  n u c l e i  f ragm e n t  i n t o  s e v e r a l  c h r o m a t i c  v e s i c l e s  and u l t i m a t e l y  
d i s a p p e a r .  At t h e  s t a g e  when s e v e r a l  hundred  sperm a t t a c h  t h e i r  head  
ends  t o  t h e  c e l l  s u r f a c e ,  t h e  f u s e d  sperm n u c l e u s  r e p r e s e n t s  t h e  o n l y  
c o h e r e n t  c h r o m a t i c  m a t t e r  i n  t h e  c e l l  (Woodard,  1 9 4 2 b ) . Normal  
sperm remain  a t t a c h e d  to  t h e  a p y r e n e  sperm and a r e  t r a n s p o r t e d  t o  t h e  
f e m a l e  g e n i t a l  s y s t e m  i n  t h i s  c o n d i t i o n .
D eve lopm ent  s t u d i e s  on a i o e c e o u s  p r o s o b r a n c h s  w i t h  e x t e r n a l  
f e r t i l i z a t i o n  h a v e  shown t h a t  b o t h  p o l a r  b o d i e s  a r e  e x t r u d e d  o n l y  a f t e r  
sperm e n t r y  o f  t h e  e g g  ( K e s s e l ,  1 9 6 4 ) .  T h e r e f o r e ,  t h e  m a t u r i n g  germ 
c e l l s  i n  t h e  o v a r y  o n l y  r e a c h  t h e  s t a g e  o f  p r im a r y  o o c y t e ,  and w i l l  
n o t  u n d er go  r e d u c t i o n  d i v i s i o n s  u n t i l  sperm e n t r y .  The l a r g e  n u c l e o l i  
o f  t h e  c e l l s  i n  F i g ,  4 a r e  c h a r a c t e r i s t i c  o f  p r im ar y  o o c y t e s ,  a s  t h e  
n u c l e o l u s  i s  n o t  v i s i b l e  d u r i n g  or  a f t e r  m e i o s i s .  In  L. i r r o r a t a , 
p e n e t r a t i o n  o f  t h e  o o c y t e  by a sperm m ust  o c c u r  i n t e r n a l l y ,  b e f o r e  
e n c a p s u l a t i o n .  The s i t e  o f  f e r t i l i z a t i o n  i s  p r o b a b l y  t h e  r e c e p t a c u l u m  
s e m i n a l i s  ( F r e t t e r  and Graham, 1 9 6 2 ) .
S i n c e  a l l  s n a i l s  s u r v e y e d  i n  J u l y  w e r e  s e x u a l l y  m a tu r e ,  i t  i s  
e v i d e n t  t h a t  no j u v e n i l e s  w e r e  e n c o u n t e r e d  i n  s a m p l i n g .  J u v e n i l e s  a r e  
n o t  found w i t h i n  t h e  h a b i t a t  o f  a d u l t s ;  t h e y  a r e  found i n s t e a d  among 
S p a r t i n a  r o o t s  o r  a t  t h e  j u n c t i o n  o f  S p a r t i n a  l e a v e s  and s t e m s ,  and 
l e a v e s  must  o f t e n  b e  s t r i p p e d  from s te m s  i n  o r d e r  to  r e v e a l  t h e  
j u v e n i l e s  ( S m a l l e y ,  1 9 6 0 ) .  A t t a i n m e n t  o f  s e x u a l  m a t u r i t y  r e q u i r e s  
two y e a r s  ( S m a l l e y ,  1960;  S t r u h s a k e r ,  p e r s o n a l  c o m m u n i c a t i o n ) .
RECOVERY OF PLANKTONIC CAPSULES AND LARVAE: 
LUNAR PERIODICITY IN SPAWNING
M a t e r i a l s  and Metnods
The f i r s t  a t t e m p t s  to  r e c o v e r  r e l e a s e d  c a p s u l e s  w e r e  made i n  
t h e  l a b o r a t o r y .  To t h i s  end ,  s a m p le s  o f  10 s n a i l s  w e r e  b r o u g h t  i n t o  
t h e  l a b o r a t o r y  a t  l e a s t  t w i c e  w e e k l y  from I May t o  30 A.ugust 1 9 6 7 .  
F e m a le s  from c o p u l a t i n g  p a i r s  w ere  t a k e n  w h e n e v e r  t h e y  w e r e  f o u n d .
T h e s e  a n i m a l s  w e r e  h e l d  i n  g l a s s  j a r s ,  some j a r s  b e i n g  p a r t i a l l y  f i l l e d  
w i t h  York R i v e r  w a t e r ,  o t h e r s  c o m p l e t e l y  f i l l e d .  The p a r t i a l l y  f i l l e d  
j a r s  e n f o r c e d  a h i g h - t i d e  s i t u a t i o n ,  a f t e r  t h e  method o f  Kojima ( 1 9 5 8 a ,  
b;  1 9 5 9 ) .  A l l  j a r s  w e r e  c o v e r e d  w i t h  a t r a n s p a r e n t  p o l y e t h y l e n e  f i l m  
w h ic h  p r e v e n t e d  e s c a p e  o f  t h e  a n i m a l s  and e v a p o r a t i o n  o f  w a t e r ,  b u t  
p e r m i t t e d  d i f f u s i o n  o f  g a s e s  and p a s s a g e  o f  l i g h t .  Water  x^as changed  
txtfice w e e k l y ;  s a l i n i t y  v a r i e d  from 1 7 . 9  t o  22 ° / o o .
As s o o n  a s  t h e  f i r s t  c a p s u l e s  had be e n  o b t a i n e d  i n  t h e  l a b ­
o r a t o r y ,  a p l a n k t o n  s a m p l i n g  program was b e g u n .  A s m a l l  n e t  o f  mono­
f i l a m e n t  p o l y m e r ,  #2 mesh ( o p e n i n g s  o f  315;i on a s i d e ) ,  was towed  
d a i l y  t h r o u g h  t h e  i n s h o r e  w a t e r  a t  Sarah  Creek  ( F i g .  1) from 21 J u l y  to  
5 O c t o b e r  1967 . The tows  w e r e  made i n  t h e  a f t e r n o o n  e ac h  d ay ,  s o  a l l  
s t a g e s  o f  the  t i d e  w e r e  sam pled  s e q u e n t i a l l y .  A d d i t i o n a l  tows w ere  
t a k e n  a t  h i g h  w a t e r  d u r i n g  e a c h  f u l l  and new moon.
P l a n k t o n  s a m p l i n g  was begun  i n  19 68 b e f o r e  any  e v i d e n c e  o f  
gonad  m a t u r i t y  had b e e n  f o u n d .  D a i l y  tow s  were  made a t  h i g h  t i d e  from
22
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2 May t o  24 J une  1968 ,  a t  t h e  same s i t e  u s e d  i n  1967 ,  w i t h  t h e  e x c e p t i o n  
o f  10 J u n e ,  when a tow was made a t  W achapreague ,  V i r g i n i a .  Weekly  tows  
w e r e  made a t  h i g h  t i d e  from 24 June  t o  17 A u g u s t  1968 .  Some tows  w e r e  
a l s o  made a t  low and i n t e r m e d i a t e  s t a g e s  o f  t h e  t i d e ,  th ou gh  n o t  r e g u ­
l a r l y .  The s u g g e s t i o n  was made t h a t  some o f  t h e  d i s c o i d  c a p s u l e s  ( F i g s .  
9 a ,  b,  c)  , 425 0^. i n  d i a m e t e r ,  c o u l d  have  s l i p p e d  d i a g o n a l l y  t h r o u g h  t h e  
#2 n e t  m esh ,  so  a #20  mesh n e t  ( o p e n i n g s  40/j on a s i d e )  was u s e d  i n  
1 9 6 8 .  I t  was o n c e  towed i n  tandem w i t h  t h e  #2 n e t  f o r  p u r p o s e s  o f  com­
p a r i n g  c a p s u l e  r e t e n t i o n .
D e v e lo p m e n t  o f  c a p t u r e d  z y g o t e s  was o b s e r v e d  i n  w a t e r  o f  
3 1 . 8  ° / o o  s a l i n i t y ,  t o  d e t e r m i n e  a p p r o x i m a t e  t im e  r e q u i r e d  f o r  a t t a i n ­
ment o f  v a r i o u s  s t a g e s .
Moon p h a s e s  and t i d a l  s t a g e s  w e r e  o b t a i n e d  from t h e  T i d e  T a b l e s
o f  t h e  U . S .  C o a s t  and G e o d e t i c  S urvey  (1967  and 1 9 6 8 ) .
R e s u l t s
The f i r s t  l a b o r a t o r y  s p a w n in g  o c c u r r e d  21 J u l y  1 9 6 7 ,  c o i n c i ­
d e n t  w i t h  a f u l l  moon, i n  a j a r  c o n t a i n i n g  10 s n a i l s  t h a t  had b e e n
b r o u g h t  i n  t h e  day b e f o r e .  The j a r  was o n e  t h a t  had b e e n  o n l y  p a r t i a l l y
f i l l e d  w i t h  r i v e r  w a t e r .  A l l  o f  t h e  a p p r o x i m a t e l y  50 e n c a p s u l a t e d  
embryos had d e v e l o p e d  t o  t h e  t r o c h o p h o r e  s t a g e  when f i r s t  o b s e r v e d .  A 
s e c o n d  s p a w n in g  o c c u r r e d  t h e  n e x t  n i g h t .  A l t h o u g h  t h e  l a b o r a t o r y  
p r o c e d u r e  f o r  o b t a i n i n g  o o t h e c a e  was c o n t i n u e d ,  no more w e r e  s e e n  
t h r o u g h  t e r m i n a t i o n  o f  t h e  p r o c e d u r e  a t  t h e  end o f  A u g u s t .  No o o t h e c a e  
w e r e  r e c o v e r e d  from t h e  p l a n k t o n  i n  1 9 6 7 ,  d e s p i t e  d a i l y  tows  from  
21 J u l y  u n t i l  O c t o b e r .  Some v e l i g e r s  w e r e  r e c o v e r e d ,  w h ic h  w ere  
i d e n t i f i e d  f o r  me a s  L. i r r o r a t a  by D r .  J e a n e t t e  W h ip p le  S t r u h s a k e r  o f
F i g u r e  9 .  E n c a p s u l a t e d  z y g o t e s  o f  L. i r r o r a t a , p r e s e r v e d  i n  10% 
b u f f e r e d  f o r m a l i n .  115X.
a)  Z y g o t e  a f t e r  f i r s t  d i v i s i o n ;  em: embryo membrane,  
d i a m e t e r  90p.; cm: c a p s u l e  membrane,  20ji i n  t h i c k n e s  
g f : g e l a t i n o u s  f l u i d  b e t w e e n  membranes .  O u t s i d e  
d i a m e t e r  o f  c a p s u l e :  425^1.
b) Z y g o t e  i n  f o u r - c e l l e d  s t a g e .
c)  C a p s u l e  i n  s i d e  v i e w ,  s h o w i n g  d i s c o i d  n a t u r e ;
t h i c k n e s s  a t  c e n t e r :  130yj.
d) C a p s u le  c o n t a i n i n g  two em b ryos .  T h i s  phenomenon 
was o b s e r v e d  o n l y  o n c e .  The c r e n a t i o n s  o f  t h e  
c a p s u l e  e d g e  w e r e  p r e s e n t  when t h e  s p e c i m e n  was 
t a k e n .
p0.5 mm
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t h e  U n i v e r s i t y  o f  H a w a i i .  She had r a i s e d  z y g o t e s  o f  L. i r r o r a t a  to  
a d u l t  s n a i l s .  The v e l i g e r s  w ere  t a k e n  a t  a l l  s t a g e s  o f  t h e  t i d e ,  b u t  
more f r e q u e n t l y  a t  h i g h  w a t e r ,  when as  many as  12 w e r e  t a k e n .
I n  1968 ,  p l a n k t o n  tows from 2 May to  9 J une  y i e l d e d  o n l y  one  
o o t h e c a ,  w h ic h  was c r e n a t e d  and c o n t a i n e d  a dark e n e d  embryo,  i n d i c a t i n g  
i t  was d e a d .  On 10 June  c o i n c i d e n t  w i t h  a f u l l  moon, t h o u s a n d s  o f  
c a p s u l e s  w e r e  t a k e n  a t  h i g h  t i d e  a t  W achapreague ,  V i r g i n i a .  When some 
s n a i l s  c o l l e c t e d  a t  low t i d e  e a r l i e r  t h a t  day w e r e  c o v e r e d  w i t h  w a t e r ,  
t h e y  spawned i m m e d i a t e l y .  A l l  t h e s e  embryos were  i n  t h e  o n e - c e l l e d  
s t a g e  when c o l l e c t e d .  W i t h i n  an h o u r ,  some had d i v i d e d  t w i c e  t o  t h e  
f o u r - c e l l e d  s t a g e  ( F i g .  9b) i n  w a t e r  o f  3 1 . 8  ° / o o  s a l i n i t y .  Some 
1 6 - c e l l e d  s t a g e s  ap p e a r e d  when t h e  embryos  w ere  t h r e e  h o u r s  o l d ,  and 
w i t h i n  12 h o u r s ,  a l l  w e r e  t r o c h o p h o r e s .
L ar ge  numbers o f  c a p s u l e s  w e r e  t a k e n  a t  Sarah  Creek 11 J u n e ,  
and a t  h i g h  t i d e  e v e r y  s u c c e e d i n g  day u n t i l  new moon, when s a m p l i n g  was 
r e d u c e d  t o  a w e e k l y  b a s i s .  Large  numbers w e r e  t a k e n  i n  e v e r y  w e e k l y  
p l a n k t o n  tow made a t  h i g h  t i d e  u n t i l  t h e s e  w e r e  d i s c o n t i n u e d  i n  m id-  
A u g u s t .  Embryos had n e v e r  d e v e l o p e d  p a s t  t h e  f o u r - c e l l e d  s t a g e  a t  th e  
t im e  o f  h i g h - t i d e  c o l l e c t i o n .  O o t h e c a e  w e r e  n e v e r  found  i n s h o r e  a t  low  
t i d e ,  b u t  a few w e r e  t a k e n  i n  two m e t e r s  o f  w a t e r  when t h e  t i d e  was o u t .  
The embryos had d i v i d e d  i n t o  16 c e l l s .  Only o n c e  i n  t h e  o b s e r v a t i o n  o f  
many t h o u s a n d s  o f  o o t h e c a e  was a c a p s u l e  s e e n  t o  c o n t a i n  two embryos  
( F i g .  9 d ) .
A s i m u l t a n e o u s  t o w i n g  o f  t h e  #2  and #20  mesh n e t s  on 18 June  
1968 r e v e a l e d  no v i s i b l e  d i f f e r e n c e  i n  t h e  q u a n t i t y  o f  e g g s  r e t a i n e d .  
E n c a p s u l a t e d  z y g o t e s  were  found  a b u n d a n t l y  i n  b o t h  n e t s .
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The o o t h e c a e  o f  L. i r r o r a t a  a r e  d i s c o i d  i n  s h a p e ,  w i t h  t h e  
embryo t u r n i n g  f r e e l y  w i t h i n .  The d i a m e t e r  o f  t h e  o u t e r  c a p s u l e  membrane  
was 425^u by my m e a s u r e m e n ts ,  s l i g h t l y  l a r g e r  than  t h e  d i m e n s i o n s  g i v e n  
by  Sm ith  and by S t r u h s a k e r  i n  t h e i r  u n p u b l i s h e d  s t u d i e s .  T h i s  o u t e r  
membrane i s  ab o u t  20jjl t h i c k ;  t h e  s p a c e  b e t w e e n  i t  and t h e  s p h e r i c a l  
egg  membrane i s  f i l l e d  w i t h  a g e l a t i n o u s  m a t e r i a l .  The egg  membrane i s  
9C]/u i n  d i a m e t e r  ( F i g s .  9 a ,  b) . The egg  c a p s u l e  i s  a b o u t  130ju t h i c k  a t  
t h e  c e n t e r ,  and a p p e a r s  e l l i p s o i d  in  s i d e  v i e w  ( F i g .  9 c ) .
D i s c u s s i o n
The t e c h n i q u e s  u s e d  f o r  c o l l e c t i n g  c a p s u l e s  b o t h  i n  t h e  f i e l d  
and i n  t h e  l a b o r a t o r y  w e r e  s i m i l a r  f o r  1967 and 1968;  t h e  g r e a t  s u c c e s s  
i n  t h e  l a t t e r  y e a r  and t h e  a l l  b u t  c o m p l e t e  f a i l u r e  i n  t h e  form er  
i n d i c a t e s  t h a t  t h e r e  may h a v e  b e e n  a p a u c i t y  o f  c a p s u l e s  r e l e a s e d  i n  
1 9 6 7 .  The r e l e a s e  o f  c a p s u l e s  i n  t h e  l a b o r a t o r y  t h a t  y e a r  and t h e  
f i e l d  c o l l e c t i o n  o f  v e l i g e r s  i n d i c a t e s  t h a t  some spaw n in g  d i d  o c c u r ,  
b u t  s c a r c i t y  seems t o  h a v e  b e e n  t h e  r u l e .  T h i s  s c a r c i t y  c a n n o t  be  
a t t r i b u t e d  to l a c k  o f  gonad m a t u r i t y  w i t h i n  t h e  p o p u l a t i o n ,  as  i t  was 
shown t o  be 100% by 21 J u n e .  I t  was shown by t h e  r e s u l t s  o f  1968 t h a t  
no c a p s u l e s  s h o u l d  have  b e e n  e x p e c t e d  i n  p l a n k t o n  tows made a t  low  
t i d e .  S t i l l ,  n o t  a s i n g l e  o o t h e c a  was t a k e n  e v e n  on s p r i n g  h i g h s  i n  
19 6 7 ,  w h e r e a s  r e s u l t s  f o r  t h o s e  p e r i o d s  i n  1968 w e r e  d r a m a t i c a l l y  
p o s i t i v e .  The p o s s i b i l i t y  e x i s t s  t h a t  a g r e a t  d e a l  o f  f i e l d  s paw n in g  
t o o k  p l a c e  i n  1967 b e f o r e  p l a n k t o n  s a m p l i n g  was b e g u n .  I f  s o ,  l a b o r a ­
t o r y  a n i m a l s  d i d  n o t  r e f l e c t  t h i s ,  w h e r e a s  i n  19 68 l a b o r a t o r y  a n i m a l s  
c l o s e l y  r e f l e c t e d  o c c u r r e n c e s  i n  t h e  f i e l d .  A l s o ,  t h i s  wou ld  i n d i c a t e  
an e a r l i e r  sp a w n in g  i n  a y e a r  when gonad m a t u r i t y  was a t t a i n e d  l a t e r .
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an u n l i k e l y  s i t u a t i o n .  Odum and S m a l l e y  ( 1 9 5 9 )  s u g g e s t  t h a t  a d u l t  
p o p u l a t i o n s  o f  L. i r r o r a t a  r e c e i v e  s i g n i f i c a n t  r e p l e n i s h m e n t  o n l y  o n c e  
i n  s e v e r a l  y e a r s ,  when an u n u s u a l l y  h e a v y  s e t  o f  l a r v a e  o c c u r s .  I f  
t h i s  i s  t r u e ,  t h e  h e a v i e r  s e t  m i g h t  w e l l  b e  d i r e c t l y  r e l a t e d  t o  more  
l a r v a e  from a g r e a t e r  number o f  c a p s u l e s  r e l e a s e d .  Such a phenomenon,  
t h o u g h  u n e x p l a i n e d ,  may b e  t i e d  to  t h e  g r e a t  abun dance  o f  c a p s u l e s  
t a k e n  i n  1968 compared w i t h  t h e  e x tr e m e  p a u c i t y  i n  1967 .
P l a n k t o n  s a m p le s  from 1968 r e v e a l e d  t h a t  L. i r r o r a t a  r e l e a s e  
o o t h e c a e  d u r i n g  a l l  p h a s e s  o f  t h e  moon, b u t  o n l y  a t  h i g h  t i d e .  Some 
l u n a r  p e r i o d i c i t y  i s  i n d i c a t e d ,  s i n c e  t h e  o n l y  c a p s u l e s  o b t a i n e d  i n  
1967 w e r e  r e l e a s e d  on t h e  f u l l  moon, and t h e  f i r s t  s i g n i f i c a n t  r e l e a s e  
i n  1968 was a l s o  c o i n c i d e n t  w i t h  a f u l l  moon.  Dr. S t r u h s a k e r  found  
t h a t  s n a i l s  b r o u g h t  i n t o  t h e  l a b o r a t o r y  l e s s  than  24 h o u r s  b e f o r e ,  
spawned a t  t h e  t i m e  o f  b o t h  h i g h  h i g h  and low h i g h  w a t e r  i n  t h e  f i e l d  
d u r i n g  s p r i n g  t i d e s  a t  B e a u f o r t ,  N.C-.,  b u t  o n l y  a t  h i g h  w a t e r  d u r i n g  
n e a p s  i n  1965 ( p e r s o n a l  c o m m u n i c a t i o n ) . A l l  a v a i l a b l e  i n f o r m a t i o n  
p o i n t s  t o  a s l i g h t  p e r i o d i c i t y  i n  s p a w n in g ,  and g r e a t  y e a r l y  v a r i a t i o n  
i n  t h e  abun dance  o f  spawn.
B e c a u s e  p o p u l a t i o n s  o f  L. i r r o r a t a  w e r e  n o t  submerged a t  low 
t i d e ,  r e l e a s e  o f  p l a n k t o n i c  c a p s u l e s  vzould h a v e  b e e n  i m p o s s i b l e  a t  
s u c h  t i m e s .  C a p s u l e s  d i d  n o t  r em ain  i n s h o r e  a f t e r  r e l e a s e ,  s i n c e  
t h e  o n l y  tows  w h ic h  y i e l d e d  any a t  low w a t e r  w e r e  t h o s e  t a k e n  a t  two 
m e t e r s  d e p t h .  The 1 6 - c e l l e d  c o n d i t i o n  o f  t h o s e  i n d i c a t e d  t h a t  t h e y  had  
b e e n  r e l e a s e d  a t  l e a s t  t h r e e  h o u r s  b e f o r e ,  and a l s o  t h a t  t h e y  t e n d e d  to  
s i n k  d u r i n g  d e v e l o p m e n t .  T h e i r  downward d r i f t  w ou ld  n a t u r a l l y  c a r r y  
them away from s h o r e  on t h e  e b b i n g  t i d e .
28
U n p u b l i s h e d  work done  i n  1965 by  P a t s y  Ann Sm ith ,  f o r m e r l y  o f  
G re a t  B r i d g e  High S c h o o l ,  r e v e a l e d  t h a t  z y g o t e s  o f  L. i r r o r a t a  d e v e l o p e d  
f a s t e s t  a t  30  ° / o o ,  w h i l e  20 ° / o o  was a d e q u a t e  f o r  d e v e lo p m e n t  but  
10 ° / o o  was n o t .  D ev e lo p m e n t  to  t h e  1 6 - c e l l e d  s t a g e  wou ld  t h e n  have  
t a k e n  l o n g e r  a t  t h e  s a l i n i t y  i n  S a r a h ' s  Creek  ( 1 7 - 2 2  ° / o o )  than t h e  
t h r e e  h o u r s  d e v e lo p m e n t  t im e  o b s e r v e d  a t  31 ° / o o .  Any o o t h e c a e  found  
a t  t h a t  s t a g e  o f f s h o r e  w e r e  t h e r e f o r e  p r o b a b l y  r e l e a s e d  on t h e  p r e c e d i n g  
h i g h  t i d e .
The c a p s u l e s  o f  L. i r r o r a t a  r e s e m b l e  t h o s e  o f  m o s t  o t h e r  
o v i p a r o u s  L i t t o r i n a  i n  s i z e  and s h a p e .  S m a l l e y  (1 9 6 0 )  was o b v i o u s l y  i n  
e r r o r  when he r e p o r t e d  t h a t  t h e  c a p s u l e s  o f  L. i r r o r a t a  w e r e  s p h e r i c a l ;  
a p p a r e n t l y  he d i d  n o t  o b s e r v e  any i n  s i d e  v i e w .  S i n c e  no c o n g e n e r s  
a r e  found  i n  the. h a b i t a t  o f  L. i r r o r a t a , t h e  p r o b le m  o f  a s s i g n i n g  
c a p s u l e  t y p e s  t o  d i f f e r e n t  s p e c i e s  d i d  n o t  a r i s e .  The c a p s u l e s  o f  some  
o t h e r  s p e c i e s  n o r m a l l y  c o n t a i n  more th a n  one  z y g o t e  ( L ebour ,  1937;  
K oj im a ,  1 9 5 8 a ) ,  b u t  t h e  s i n g l e  o b s e r v a n c e  o f  two embryos w i t h i n  a 
c a p s u l e  o f  L. i r r o r a t a  i n d i c a t e s  t h a t  t h i s  was an anom aly .
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M a t e r i a l s  and Methods
F i e l d  o b s e r v a t i o n s  w e r e  made n e a r  t h e  c o l l e c t i n g  s i t e  ( F i g .  1) . 
I n  o b s e r v i n g  c o p u l a t i n g  p a i r s ,  t h e i r  p o s i t i o n  was n o t e d ,  and d a t e ,  t im e  
o f  d ay ,  and p h a s e  o f  t i d a l  c y c l e  w ere  r e c o r d e d .  Some c o p u l a t i n g  p a i r s  
w e r e  p u l l e d  a p a r t  to  a s c e r t a i n  t h e  l e n g t h  o f  t h e  p e n i s  d u r i n g  c o p u ­
l a t i o n .  The s e x  o f  t h e  i n f e r i o r  p a r t n e r  i n  su c h  c a s e s  was a l s o  c h e c k e d ,  
t o  s e e  i f  m a le s  e v e r  a t t e m p t e d  c o p u l a t i o n  w i t h  o t h e r  m a l e s  a s  d e s c r i b e d  
i n  L. p l a n a x i s  ( G i b s o n ,  19 64)  and L. l i t t o r e a , L. o b t u s a t a , and L. 
s a x a t i l i s  ( L i n k e ,  1 9 3 3 a ) . F o r t y - f i v e  c o p u l a t i n g  p a i r s  w e r e  marked  
w i t h  n a i l  p o l i s h  25 June  1967;  b o t h  members o f  e a c h  p a i r  r e c e i v e d  a 
d i s t i n g u i s h i n g  mark on t h e i r  s h e l l s .  S u b s e q u e n t  p a i r i n g  b e h a v i o r  was  
t h e n  n o t e d  o n c e  d a i l y ,  on an e b b i n g  t i d e ,  f o r  f o u r  d a y s .
The amount o f  subm ergence  o f  t h e  h a b i t a t  o f  t h e  L. i r r o r a t a  
p o p u l a t i o n  was o b s e r v e d  t h r o u g h  a c o m p l e t e  t i d a l  c y c l e  8 - 9  June  1967 .
The r i s e  and f a l l  o f  t h e  t i d e  was r e c o r d e d  h o u r l y  f o r  25 h o u r s .  The  
movements o f  t h e  s n a i l s  i n  a m e t e r - s q u a r e  p l o t  ( F i g .  10) w e r e  a l s o  
n o t e d  f o r  t h i s  t im e  p e r i o d .  The p e r c e n t a g e  o f  s n a i l s  w h ic h  had moved 
t o  t h e  b ack  o f  t h e  p l o t  and c l i m b e d  o n t o  t h e  S p a r t i n a  was p l o t t e d  
a g a i n s t  t h e  t i d e  l e v e l .
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F i g u r e  10 .  Diagram  o f  m e t e r - s q u a r e  p l o t  o b s e r v e d  o v e r  a c o m p l e t e  t i d a l  
c y c l e  (25  h o u r s )  8 - 9  June  1 9 6 7 .  P l o t  was l o c a t e d  a t  s i t e  i n  F i g .  1.
P l o t  was c o m p l e t e l y  e x p o s e d  a t  LLW and HLW; c o m p l e t e l y  submerged  a t  b o t h  
LHW and HHW. Some r e s u l t s  o f  o b s e r v a t i o n s  h e r e  a r e  g i v e n  i n  F i g .  12.
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R e s u l t s
C o p u l a t i o n  was m ost  o f t e n  o b s e r v e d  on t h e  ebb t i d e ,  se ldom  
when t h e  a n i m a l s  were  subm erged ,  and n e v e r  on v e r t i c a l  s u r f a c e s .  I t  
was s e e n  t o  o c c u r  e v e r y  day from t h e  end o f  May t o  t h e  end o f  A u g u s t ,
1 9 6 7 .  C o p u l a t o r y  p o s i t i o n  was t h e  same a s  d e s c r i b e d  f o r  o t h e r  s p e c i e s  
( G i b s o n ,  1964;  L i n k e ,  1 9 3 3 b ) :  w h i l e  t h e  f e m a l e  r e m a in s  w i t h  h e r  f o o t
a t t a c h e d  to  t h e  s u b s t r a t e ,  t h e  m a le  c l i m b s  o n t o  h e r  s h e l l  and m i g r a t e s  
t o  t h e  r i g h t  s i d e ,  s o  t h a t  h i s  head  i s  p o i n t e d  i n  t h e  same d i r e c t i o n  
a s  h e r s  and t h e  l i p  o f  t h e  r i g h t  s i d e  o f  h i s  s h e l l  o v e r h a n g s  t h a t  o f  
h e r s  ( F i g .  1 1 ) .  In  t h i s  p o s i t i o n ,  t h e  p e n i s  i s  i n s e r t e d .  The or gan  
becom es  e n g o r g e d  w i t h  b l o o d  and b e g i n s  to  l e n g t h e n .  The p r o x i m a l  
p o r t i o n  i s  i n s e r t e d  f i r s t ,  w i t h  t h e  t i p  t r a i l i n g  i n  a f t e r .  The u n p i g -  
m ented  d i s t a l  p o r t i o n  u n d e r g o e s  g r e a t  e l o n g a t i o n  and e v e n t u a l l y  c o n t a c t s  
t h e  f e m a l e  g e n i t a l  p o r e  i n  t h e  r e a r  o f  t h e  m a n t l e  c a v i t y ;  sperm a r e  
th e n  t r a n s f e r r e d .  When c o p u l a t i n g  p a i r s  w e r e  a b r u p t l y  p u l l e d  a p a r t ,  
t h e  p e n i s  o f  t h e  m a le  was o f t e n  as  l o n g  a s  25 mm, a s  compared t o  ab ou t  
5 mm i n  t h e  d e t u m e s c e n t  s t a t e .  Mucous s e c r e t i o n s  f u r n i s h e d  by th e  
l e a f l i k e  a d h e s i v e  g l a n d  a t  t h e  b a s e  o f  t h e  p e n i s  ( F i g .  2a)  a i d e d  in  
h o l d i n g  t h e  p e n i s  i n  p l a c e  d u r i n g  c o p u l a t i o n .
In  some d i s r u p t e d  p a i r s ,  t h e  s n a i l  i n  t h e  f e m a l e  p o s i t i o n  was  
found t o  be a m a le ;  t h i s  i n d i c a t e s  t h a t ,  a s  i n  o t h e r  s p e c i e s ,  m a l e s  
c a n n o t  d i s t i n g u i s h  t h e  s e x  o f  o t h e r  s n a i l s  w i t h o u t  e x p l o r a t i o n  o f  th e  
m a n t l e  c a v i t y  by t h e  p e n i s .
Both  m a l e s  and f e m a l e s  from p a i r s  marked w i t h  n a i l  p o l i s h  
w e r e  found c o p u l a t i n g  w i t h  o t h e r  i n d i v i d u a l s  on s u b s e q u e n t  d a y s ;  
o c c u r r e n c e  may w e l l  have  b e e n  s e v e r a l  t i m e s  more f r e q u e n t  th an  t h a t  
o b s e r v e d .  G reat  numbers o f  L. i r r o r a t a  w e r e  s e e n  seaw ard  o f  t h e  S p a r t i n a
9F i g u r e  11 .  C o p u l a t o r y  p o s i t i o n  i n  L. i r r o r a t a  as  n o r m a l l y  s e e n  from 
a b ove  ( t o p ) > and as  s e e n  i n  a p a i r  i n v e r t e d  f o r  o b s e r v a t i o n  p u r p o s e s .  
S e e  t e x t  f o r  d e t a i l s .  X 5 .
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be d s  a t  low w a t e r ,  b u t  a s  t h e  t i d e  came i n ,  t h e y  c r a w l e d  up t h e  s h o r e  
and c l i m b e d  o n t o  t h e  S p a r t i n a  and o t h e r  v e r t i c a l  s u r f a c e s ,  t h u s  a c h i e v i n g  
an e l e v a t i o n  o f t e n  g r e a t e r  than  t h e  a d v a n c i n g  t i d e .  T h i s  phenomenon  
i s  q u a n t i f i e d  i n  F i g .  12 .  The number o f  s n a i l s  i n  t h e  m e t e r - s q u a r e  
p l o t  ( F i g .  10) v a r i e d  from 65 to  9 9 .  The p e r c e n t a g e  t h a t  c l i m b e d  o n t o  
t h e  S p a r t i n a  r o s e  t o  100% a s  t h e  t i d e  came i n ;  as  t h e  p l o t  emerged on 
t h e  e b b i n g  t i d e ,  i n c r e a s i n g  numbers o f  s n a i l s  c l i m b e d  down from t h e  
S p a r t i n a  and resumed c r a w l i n g  on t h e  sand-mud s u b s t r a t e .  Most had been  
i n u n d a t e d  when w a t e r  l e v e l  r e a c h e d  40 cm a b o v e  t h e  l e a d i n g  e d g e  o f  t h e  
p l o t ,  a s  few o f  t h e  S p a r t i n a  s t e m s  p r o t r u d e d  from t h e  w a t e r  a t  t h a t  
t i m e .
S p r i n g  h i g h  h i g h  w a t e r  i n v a r i a b l y  i n u n d a t e d  t h e  e n t i r e  p op u ­
l a t i o n  o f  L. i r r o r a t a ; b o t h  t h e  r a p i d i t y  and h e i g h t  o f  t h e  f l o o d  were  
f a c t o r s  i n  o c c l u d i n g  r e t r e a t .
D i s c u s s  i o n
A l t h o u g h  c o p u l a t o r y  b e h a v i o r  i t s e l f  d o e s  n o t  v a r y  from t h a t  
o f  o t h e r  L i t t o r i n a , a d h e s i o n  o f  t h e  p e n i s  i s  a c c o m p l i s h e d  i n  a s l i g h t l y  
d i f f e r e n t  manner,  a d h e s i v e  s e c r e t i o n s  coming from t h e  g l a n d  a t  t h e  b a s e  
o f  t h e  p e n i s  i n s t e a d  o f  from mammaliform g l a n d s  a l o n g  i t s  l e a d i n g  e d g e ,  
a s  d e s c r i b e d  i n  o t h e r  s p e c i e s  ( F r e t t e r  and Graham, 1962;  L i n k e ,  1 9 3 3 b ) .
S i n c e  t h e  f e m a l e  s u p p o r t s  a l l  t h e  w e i g h t  o f  t h e  p a i r  d u r i n g  
c o p u l a t i o n  and o n l y  h e r  f o o t  c o n t a c t s  t h e  s u b s t r a t e ,  c o p u l a t i o n  on 
v e r t i c a l  s u r f a c e s  may be  i m p o s s i b l e  f o r  r e a s o n s  o f  i n c r e a s e d  p h y s i c a l  
s t r e s s  and i n s t a b i l i t y .  T a c t i c  i n h i b i t i o n  o f  c o p u l a t i o n  may a l s o  o c c u r  
when t h e  s n a i l s  a r e  on v e r t i c a l  s u r f a c e s ;  i n  any c a s e ,  c o p u l a t i o n  in  
s u c h  o r i e n t a t i o n  was n e v e r  o b s e r v e d .
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F i g u r e  12 .  R e s u l t s  o f  o b s e r v a t i o n s  o f  m e t e r - s q u a r e  p l o t  ( F i g .  1 0 ) ,  
8 - 9  June  19 6 7 .  Number o f  L. i r r o r a t a  v a r i e d  from 65 t o  9 9 .  S n a i l s  
moved upward t o  r e a r  o f  p l o t  and c l i m b e d  o n t o  S p a r t i n a  t h e r e ,  t h u s  
a v o i d i n g  i n u n d a t i o n  u n t i l  r i s i n g  t i d e  o c c l u d e d  r e t r e a t .  As p l o t  was  
u n c o v e r e d  on e b b i n g  t i d e ,  s n a i l s  l e f t  S p a r t i n a  and g r a z e d  on t h e  damp 
s u b s t r a t e  a g a i n .
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I  d e s c r i b e d  h o m o s e x u a l  p a i r i n g  i n  L. p l a n a x i s  ( G i b s o n ,  1 9 6 4 ) ;  
L i n k e  (19 3 3 b )  d e s c r i b e d  i t  i n  L. l i t t o r e a , L. s a x a t i l i s , and L. o b t u s a t . a . 
I t s  o c c u r r e n c e  i s  t h e r e f o r e  p r e s e n t  i n  c o n g e n e r s  from t h e  European and 
b o t h  A m erican  c o a s t s ,  a s  w e l l  a s  i n  H a w ai ian  s p e c i e s  (Dr .  J e a n e t t e  
S t r u h s a k e r ,  p e r s o n a l  c o m m u n i c a t i o n ) . S i n c e  sperm i s  t r a n s f e r r e d  o n l y  
when m a l e s  c o n t a c t  t h e  f e m a l e  g e n i t a l  p o r e ,  t h e  t r a i t  i s  n o t  s e l e c t e d  
a g a i n s t  e x c e p t  i n  t h e  s e n s e  o f  t im e  w a s t e d .  I n d e e d ,  a t t e m p t e d  c o p u ­
l a t i o n  w i t h  e v e r y  o t h e r  L i t t o r i n a  e n c o u n t e r e d  may be  s e l e c t e d  f o r ,  s i n c e  
t h e  more a t t e m p t s  a r e  made, t h e  more f e m a l e s  w i l l  be  e n c o u n t e r e d  
e v e n t u a l l y .  Homosexual  p a i r i n g  a r g u e s  a g a i n s t  t h e  e x i s t e n c e  o f  any  
f e m a l e  c h e m o - a t t r a c t a n t , e x c e p t  a d i f f u s e  o n e  t h a t  m i g h t  e nhanc e  
g e n e r a l  s e x u a l  a c t i v i t y  i n  m a l e s .
S p r i n g  t i d e s  a r e  an o b v i o u s  s t i m u l u s  to  t h e  r e l e a s e  o f  p e l a g i c  
c a p s u l e s ,  s i n c e  s p r i n g  h i g h  h i g h  w a t e r  o c c l u d e s  r e t r e a t  and makes th e  
norm al  s u b m e r g e n c e - a v o i d a n c e  b e h a v i o r  o f  L. i r r o r a t a  i n e f f e c t u a l .
D u r in g  neap h i g h  t i d e s ,  h o w e v e r ,  r e t r e a t  t o  a l e v e l  a b o v e  the  e n c r o a c h ­
i n g  t i d e  l i r e  i s  o f t e n  p o s s i b l e .  S i n c e  t h e  s n a i l s  g e n e r a l l y  do a v o i d  
i n u n d a t i o n ,  t h e  r e l e a s e  o f  o o t h e c a e  on neap h i g h s  must  i n v o l v e  a 
b e h a v i o r  r e v e r s a l  on t h e  p a r t  o f  g r a v i d  f e m a l e s .  They must  a l l o w  
t h e m s e l v e s  to  b e  subm erged i n  o r d e r  t o  r e l e a s e  t h e i r  f l o a t i n g  c a p s u l e s .
CONCLUSIONS
The s e x u a l  c y c l e  i n  L i t t o r i n a  i r r o r a t a  i s  c l o s e l y  a s s o c i a t e d  
w i t h  t h e i r  i n c r e a s e d  ge ne r a l ,  a c t i v i t y  i n  t h e  warmer months  o f  t h e  y e a r .  
Gonads a r e  d e g e n e r a t e  from O c t o b e r  t o  A p r i l .  The t e s t i c u l a r  d u c t  o f  
t h e  m a l e  i s  i n v i s i b l e  d u r i n g  t h i s  t i m e ,  and t h e  c a p s u l e  g l a n d  o f  t h e  
f e m a l e  i s  much r e d u c e d  i n  s i z e .  The p e n i s  o f  t h e  m a le  d o e s  n o t  a t r o p h y  
i n  w i n t e r .  Gonad m a t u r a t i o n  b e g i n s  i n  b o t h  s e x e s  i n  May and c o p u l a t i o n  
i s  p r e v a l e n t  by J u n e .  R e l e a s e  o f  e n c a p s u l a t e d  z y g o t e s  o c c u r s  on h i g h  
t i d e s  from a t  l e a s t  m id - J u n e  to  m id - A u g u s t  and a p p e a r s  t o  b e  much 
h e a v i e r  i n  some y e a r s  than  i n  o t h e r s .  A s l i g h t  l u n a r  p e r i o d i c i t y  i n  
spaw n in g  i s  d e m o n s t r a b l e ,  bu t  some r e l e a s e  o c c u r s  t h r o u g h o u t  t h e  lu n a r  
c y c l e .  C a p s u l e s  s i n k  and d r i f t  o f f s h o r e  w h i l e  d e v e l o p i n g .
The a c t u a l  e f f e c t s  o f  i n c r e a s i n g  t e m p e r a t u r e  and day l e n g t h  
on t h e  s e x u a l  m a t u r a t i o n  o f  L. i r r o r a t a  can  p r e s e n t l y  o n l y  be  i n f e r r e d  
from t h e i r  c o i n c i d e n t  o c c u r r e n c e .  C o n t r o l l e d  e x p e r i m e n t s  u s i n g  e l e v a t e d  
t e m p e r a t u r e s  i n  w i n t e r  and l o w e r e d  t e m p e r a t u r e s  i n  summer, a s  w e l l  as  
e x p e r i m e n t s  e m p l o y i n g  a r t i f i c i a l l y  s h o r t e n e d  and l e n g t h e n e d  p h o t o p e r i o d ,  
a r e  o b v i o u s  n e x t  s t e p s  i n  u n d e r s t a n d i n g  t h e s e  r e l a t i o n s h i p s .  The 
c o l l e c t i o n  o f  s i m i l a r  d a t a  on r e p r o d u c t i o n  from t h e  e x t r e m e s  o f  th e  
h a b i t a t  r a n g e  o f  t h i s  s p e c i e s ,  and c o m p a r i s o n  t o  t h e  p r e s e n t  f i n d i n g s  
from V i r g i n i a ,  w ou ld  a l s o  e n h a n c e  k n o w le d g e  o f  e n v i r o n m e n t a l  e f f e c t s  on  
r e p r o d u c t i o n .
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